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D55Q-T83A and D55Q-G94S, two pseudorevertants of the D55Q mutant OmpR, an Escherichia coli
transcriptional activator, were isolated previously by R. Brissette, K. Tsung, and M. Inouye (J. Bacteriol.
173:3749-3755, 1991). These pseudorevertant OmpR proteins were purified and examined for their function as
transcriptional activators in a cell-free system with an ompF DNA fagment. These proteins were transcrip-
tionally active, even after acid treatment, whereas the wild-type OmpR was completely inactive after the same
treatment. Phosphorylation of acid-treated wild-type OmpR with an EnvZll membrane fraction and ATP
restored transcriptional activity, whereas the activities of the mutant OmpR proteins did not change after
phosphorylation.

One way Escherichia coli responds to osmotic changes in
the environment is by altering the levels of OmpF and
OmpC, two outer membrane porin proteins. Under low
osmotic conditions OmpF is preferentially produced,
whereas under high osmotic conditions OmpF production is
repressed and OmpC production is induced (11, 18, 24). This
process is regulated by two proteins encoded by the ompB
locus: EnvZ, an inner transmembrane protein (9, 12), and
OmpR, a cytoplasmic transcriptional activator protein for
ompF and ompC (1, 13, 16). EnvZ and OmpR belong to a
family of sensory-regulatory protein pairs that control such
diverse processes as nitrogen fixation, chemotaxis, and
phosphate regulation (for a review, see reference 23). The
EnvZ-like sensory proteins have sequence homologies at
their C-terminal domains, and the OmpR-like regulatory
proteins have homologies at their N-terminal domains. In a
manner similar to that of other protein pairs in the family,
EnvZ has been shown to serve as both a kinase and a
phosphatase for OmpR (2-4, 10, 13, 14).
EnvZ undergoes autophosphorylation, most likely at a

conserved histidine residue in the C-terminal domain (10,
15), and then the phosphate group is transferred to OmpR.
The site ofOmpR phosphorylation is believed to be D55, one
of the three conserved aspartic acid residues in the N-termi-
nal domain of OmpR (22). Phosphorylated OmpR promotes
transcription from the ompF and ompC promoters (1, 13).
This increased level of expression is most likely due to an
increased ability of OmpR phosphate to bind both promoter
regions (4). In the current model of osmoregulation, EnvZ,
the osmosensor in the inner membrane, senses changes in
osmolarity and relays this signal to OmpR through phosphor-
ylation. OmpR phosphate then binds to the specific sites
upstream of the ompF and ompC promoters to regulate
expression of the genes accordingly.

In a previous study by Brissette et al. (6), two pseudo-
revertants of the D55Q mutation were isolated. The phos-
phorylation mutant, D55Q OmpR, gave an OmpF- OmpC-
phenotype. However, the pseudorevertant OmpRs, D55Q-
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T83A and D55Q-G94S, reverted the OmpF- OmpC- pheno-
type back to OmpF+ OmpC+ in ompB deletion (OmpR-)
cells. Expression of OmpF in cells producing the revertant
OmpRs correlated with a restored binding of the revertant
OmpR to the promoter region. Both an in vivo transcription
assay and an in vitro phosphorylation experiment indicated
that the pseudorevertants functioned in an EnvZ-indepen-
dent manner. However, because of cross-talk mechanisms
by other EnvZ-like histidine kinases in E. coli (23), the
phosphorylation independence of these mutants had to be
further confirmed in vitro. In this study we used in vitro
assays to demonstrate that the nonphosphorylated forms of
the two OmpR mutants (D55Q-T83A and D55Q-G94S) are
indeed transcriptionally active, whereas the wild-type OmpR
is only active in the phosphorylated form.

In vitro transcription of ompF. A 330-bp XbaI-BamHI
fragment from plasmid pKI0033 (21) was used in an in vitro
assay system modified by us from that described by Oka-
moto and Freundlich (22). This fragment encompasses the
ompF promoter region from -173 to + 122 and thus contains
the OmpR binding motifs (Fa, Fb, Fc, Cd) as well as the -35
and -10 regions. OmpR purified by the procedure of Nori-
oka et al. (21) was incubated with the ompF promoter
fragment (0.2 pmol) in a total volume of 19.5 ,ul for 15 min at
room temperature. RNA polymerase (0.1 U per reaction;
U.S. Biochemical Corp.) was added, and the mixture was
further preincubated at 37°C for 5 min. The ribonucleotide
mixture (2.7 mM with respect to ATP, GTP, and CTP,
0.0625 mM with respect to UTP, and 0.8 ,uCi of [a-32P]UTP
[3,000 Ci/mmol; Amersham]), 8mM magnesium acetate, and
0.1 mg of rifampin per ml were added, and incubation was
continued for 10 min. The reaction was stopped by the
addition of 10 ,ul of formamide dye solution (98% deionized
formamide, 2 mM EDTA, 0.025% xylene cyanol, 0.025%
bromophenol blue), incubated at 90°C for 3 min, and then
loaded onto an 8% polyacrylamide sequencing gel. The
wild-type, D55Q-T83A, and D55Q-G94S OmpRs were tran-
scriptionally active (Fig. 1, lanes 2, 3, and 4, respectively). It
should be noted that the wild-type OmpR that had not been
phosphorylated in vitro with EnvZ and ATP before being
used in the transcription assay activated transcription, albeit
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FIG. 1. In vitro transcription of the ompF promoter. In vitro

transcription of the ompE promoter (0.2 pmol) in the presence of

purified OmpR (15 ng) was carried out as described in the text. Lanes:

1, no added OmpR; 2, wild-type OmpR; 3, D55Q-T83A; 4, D55Q-
G94S. The arrow indicates the position of the ompF transcript.

weakly. To determine whether this was due to a residual

amount of phosphorylated OmpR in the OmpR preparation,
the wild-type OmpR was subjected to chemical dephospho-

rylation under acid conditions (pH 1 at 370C for 50 min). The

two mutant OmpRs were also subjected to the same treat-

ment. The conditions employed for the chemical dephospho-

rylation had been shown previously by Forst et al. (10) to

remove 95% or more of acyl-phosphate from OmpR.

Phosphorylation independence of mutant OmpRs. After

treatment with mild acid followed by neutralization, the

three OmpRs were again assayed for transcriptional activity.

T'his time (Fig. 2, lanes 2 through 4), the wild-type OmpR

was completely inactive even at high concentrations (90 ng

per reaction). In contrast, acid treatment had no effect on the

mutant OmpRs; they still activated ompF transcription. It

should be noted that as the concentrations of OmpR in-

creased the production of the ompF transcript started to be

inhibited. It was shown previously by Aiba et al. (2) that

ompF transcription can be repressed by increasing the

amounts of phosphorylated OmpR in vitro. This inhibitory
effect on ompF transcription by a higher concentration of

OmpR probably reflects the repressor function of phosphor-

ylated OmpR at high osmolarity in vivo (12).
EnvZ dependence of wild-type OmpR. To confirm that the
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FIG. 2. Transcriptional activity of dephosphorylated OmpR. Pu-

rified OmpRs were chemically dephosphorylated with mild acid and

neutralized as described in the text. Lanes: 1, no added OmpR; 2

through 4, acid-treated wild-type OmpR (10, 30, and 90 ng, respec-

tively); 5 through 7,' acid-treated D55Q-T83A (10, 30, and 90 ng,

respectively); 8 through 10, acid-treated D55Q-G94S (10, 30, and 90

ng, respectively). The arrowhead indicates the position of the ompF

transcript.

FIG. 3. Phosphorylation dependence of wild-type OmpR. Acid-
treated and non-acid-treated OmpRs were phosphorylated in vitro
with an EnvZll membrane fraction and ATP. Lanes: 1, no OmpR
added; 2 through 7, non-acid-treated OmpR; 2 and 3, wild-type OmpR
(7.5 and 22.5 ng, respectively); 4 and 5, D55Q-T83A (7.5 and 22.5 ng,
respectively); 6 and 7, D55Q-G94S (7.5 and 22.5 ng, respectively); 8
through 13, acid-treated OmpRs; 8 and 9, wild-type OmpR (7.5 and
22.5 ng, respectively); 10 and 11, DSSQ-T83A (7.5 and 22.5 ng,
respectively); 12 and 13, DS5Q-G94S (7.5 and 22.5 ng, respectively).
The arrow indicates the position of the ompF transcript.

inability of the wild-type OmpR treated with acid to tran-
scribe the ompF promoter was not due to the denaturation of
the protein by the acid treatment, the wild-type OmpR was
phosphorylated with a membrane fraction containing
EnvZ1l. EnvZll is known to have a very high OmpR kinase
activity but no phosphatase activity (19). The membrane
fraction was prepared from E. coli by the method of Yang
and Inouye (25). Five microliters of the membrane fraction
(4 mg/ml) was first preincubated in 30 pl with 2 mM ATP for
10 min at room temperature. OmpR (1 PI; 500 ng/Pl) was
then added, and incubation was continued for another 5 min.
Phosphorylated OmpR was then separated from the EnvZ1l
membrane fraction by centrifugation. The mutant OmpRs
were treated in the same manner. These EnvZ1l-treated
OmpRs were then used in the in vitro transcription assay.
The acid-treated wild-type OmpR recovered its transcrip-
tional activator function as a result of its treatment with
EnvZ1l and ATP (compare lane 8 in Fig. 3 with lanes 2
through 4 in Fig. 2). The activity was a little lower than that
of non-acid-treated OmpR that was treated with EnvZll and
ATP (Fig. 3, lane 2), probably because some portion of
OmpR was indeed denatured by the acid treatment. Simi-
larly, acid-treated mutant D55Q-T83A (lanes 4 and 10) and
D55Q-G94S (lanes 6 and 12) OmpRs were both transcription-
ally active. Again at higher concentrations, all OmpRs were
inhibitory (lanes 3, 5, 7, 9, 11, and 13). These results clearly
demonstrate that the wild-type OmpR requires phosphory-
lation by EnvZ, whereas the pseudorevertant OmpRs do
not.

In the present study we further confirm the previously
suggested (6) phosphorylation independence of the revertant
D55Q-T83A and D55Q-G94S OmpRs. We found that treat-
ment of the wild-type OmpR to remove acyl-phosphate
residues resulted in a significant loss of OmpR function.
However, the activities of the D55Q-T83A and D55Q-G94S
OmpRs were not affected like that of wild-type OmpR was;
the revertant OmpRs remained transcriptionally active be-
fore and after the treatment. It is assumed (22) that phos-
phorylation of OmpR causes a conformational change that
promotes binding of the C terminus to the specific OmpR-
binding sites upstream of the ompF and ompC promoters
and thus activates transcription. Because of the nonconsen-
sus nature of the -10 and -35 promoter regions, transcrip-
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tion of ompF and ompC in the absence of OmpR is negligi-
ble. The combination of D55Q with either T83A or G94S,
which restores OmpR function, seems to generate a confor-
mational change in the OmpR molecule similar to that
caused by phosphorylation, most likely at the aspartic acid
residue at position 55. Phosphorylation-independent mutants
of CheY (5), a response regulator in the chemotaxis system,
and NtrC (8), a response regulator in the nitrogen regulation
system, have also been isolated. The nonphosphorylated
CheY mutant CheY13DK resulted in a constitutive tumbly
phenotype, but, unlike NtrC and OmpR, CheY has no
C-terminal DNA binding domain. NtrC is an OmpR-like
transcriptional activator in the nitrogen regulation system,
but unlike the situation in OmpR, the mutations that give rise
to the phosphorylation-independent mutations of NtrC are in
the C-terminal DNA binding domain, not the N-terminal
activation domain. These mutants, although phenotypically
phosphorylation independent, are mechanistically different
from the OmpR mutants D55Q-T83A and D55Q-G94S. Ka-
namuru and Mizuno (17), however, have isolated an EnvZ-
independent mutant OmpR that is similar to the two isolated
by Brissette et al. The mutation OmpR55Q/102C was iso-
lated as a suppressor to the inactive D55Q OmpR. These
three suppressor mutations all occur within a central highly
conserved region of the protein. Brissette et al. (7) and
Nakashima et al. (20) have isolated OmpR mutants defective
in DNA binding but capable of being phosphorylated with
mutations in this same highly conserved region. These
results suggest that this region may be important for the
adoption of a transcriptionally active conformation of
OmpR.
The mechanism by which phosphorylation regulates

OmpR function at present still remains unclear. Further in
vitro characterization of these phosphorylation-independent
OmpRs will help to answer this question, which is an
important aspect of the role played by OmpR in osmoregu-
lation.

The present work was supported by Public Health Service grant
GM 19043-16 from the National Institutes of Health (to M.I.).

REFERENCES
1. Aiba, H., and T. Mizuno. 1990. Phosphorylation of a bacterial

activator, OmpR, by a protein kinase, EnvZ, stimulates the
transcription of the ompF and ompC genes in Escherichia coli.
FEBS Lett. 261:19-22.

2. Aiba, H., T. Mizuno, and S. Mizushima. 1989. Transfer of
phosphoryl group between two regulatory proteins involved in
osmoregulatory expression of the ompF and ompC genes in
Escherichia coli. J. Biol. Chem. 264:8563-8567.

3. Alba, H., F. Nakasai, S. Mizushima, and T. Mizuno. 1989.
Evidence for the physiological importance of the phosphotrans-
fer between two regulatory components, EnvZ and OmpR, in
osmoregulation in Escherichia coli. J. Biol. Chem. 264:14090-
14094.

4. Aiba, H., F. Nakasai, S. Mizushima, and T. Mizuno. 1989.
Phosphorylation of a bacterial activator protein, OmpR, by a
protein kinase, EnvZ, results in a stimulation of its DNA-
binding ability. J. Biochem. (Tokyo) 106:5-7.

5. Bourret, R. B., J. F. Hess, and M. I. Simon. 1990. Conserved
aspartate residues and phosphorylation in signal transduction by
the chemotaxis protein CheY. Proc. Natl. Acad. Sci. USA
87:41-45.

6. Brissette, R., K. Tsung, and M. Inouye. 1991. Intramolecular
second-site revertants to the phosphorylation site mutation in
OmpR, a kinase-dependent transcriptional activator in Esche-
richia coli. J. Bacteriol. 173:3749-3755.

7. Brissette, R. E., K. Tsung, and M. Inouye. 1992. Mutations in a
central highly conserved non-DNA-binding region of OmpR, an
Escherichia coli transcriptional activator, influence its DNA-
binding ability. J. Bacteriol. 174:4907-4912.

8. Dixon, R., T. Eydmann, N. Henderson, and S. Austin. 1991.
Substitutions at a single amino acid residue in the nitrogen-
regulated activator protein NtrC differentially influence its ac-
tivity in response to phosphorylation. Mol. Microbiol. 5:1657-
1667.

9. Forst, S., D. Comeau, S. Norioka, and M. Inouye. 1987. Local-
ization and membrane topology of EnvZ, a protein involved in
osmoregulation ofOmpF and OmpC in Eschenichia coli. J. Biol.
Chem. 262:16433-16438.

10. Forst, S., J. Delpdo, and M. Inouye. 1989. Phosphorylation of
OmpR by the osmosensor EnvZ modulates the expression of the
ompF and ompC genes in Escherichia coli. Proc. Natl. Acad.
Sci. USA 86:605246056.

11. Forst, S., J. Delgado, G. Ramakrishnan, and M. Inouye. 1988.
Regulation of ompC and ompF expression in Escherichia coli in
the absence of EnvZ. J. Bacteriol. 170:5080-5085.

12. Forst, S., and M. Inouye. 1988. Environmentally regulated gene
expression for membrane proteins in Escherichia coli. Annu.
Rev. Cell Biol. 4:21-42.

13. Igo, M., A. J. Ninfa, and T. J. Silhavy. 1988. A bacterial
environmental sensor that functions as a protein kinase and
stimulates transcriptional activation. Genes Dev. 3:598-605.

14. Igo, M. M., A. J. Ninfa, J. B. Stock, and T. J. Silhavy. 1989.
Phosphorylation and dephosphorylation of a bacterial activator
by a transmembrane receptor. Genes Dev. 3:1725-1734.

15. Igo, M. M., and T. J. Silhavy. 1988. EnvZ, a transmembrane
environmental sensor of Escherichia coli K-12, is phosphory-
lated in vitro. J. Bacteriol. 170:9316-9320.

16. Jo, Y.-L., F. Nara, S. Ichihara, T. Mizuno, and S. Mizushima.
1986. Purification and characterization of the OmpR protein, a
positive regulator involved in osmoregulatory expression of the
ompF and ompC genes in Escherichia coli. J. Biol. Chem.
261:15252-15256.

17. Kanamaru, K., and T. Mizuno. 1992. Signal transduction and
osmoregulation in Escherichia coli: a novel mutant of the
positive regulator, OmpR, that functions in a phosphorylation-
independent manner. J. Biochem. 111:425-430.

18. Kawaji, H., T. Mizuno, and S. Mizushima. 1979. Influence of
molecular size and osmolarity of sugars and dextrans on the
synthesis of outer membrane proteins 0-8 and 0-9 of Esche-
richia coli K-12. J. Bacteriol. 140:843-847.

19. Mlzuno, T., M. Kato, Y.-L. Jo, and S. Mizushima. 1988.
Interaction of OmpR, a positive regulator, with the osmoregu-
lated ompC and ompF genes of Escherichia coli. J. Biol. Chem.
263:1008-1012.

20. Nakashima, K., K. Kanamaru, H. Aiba, and T. Mizuno. 1991.
Signal transduction and osmoregulation in Escherichia coli. J.
Biol. Chem. 266:10775-10780.

21. Norioka, S., G. Ramakrishnan, K. Ikenaka, and M. Inouye.
1986. Interaction of a transcriptional activator, OmpR, with
reciprocally osmoregulated genes, ompF and ompC, of Esche-
richia coli. J. Biol. Chem. 261:17113-17119.

22. Okamoto, K., and M. Freundlich. 1986. Mechanism for the
autogeneous control of the crp operon: transcriptional inhibition
by a divergent RNA transcript. Proc. Natl. Acad. Sci. USA
83:5000-5004.

23. Stock, J. B., A. J. Ninfa, and A. M. Stock. 1989. Protein
phosphorylation and regulation of adaptive responses in bacte-
ria. Microbiol. Rev. 53:450-490.

24. Verhoef, C., B. Lugtenberg, R. vanBoxtel, P. deGraaff, and H.
Verhei. 1979. Genetics and biochemistry of the peptidoglycan-
associated proteins b and c of Escherichia coli K-12. Mol. Gen.
Genet. 169:137-146.

25. Yang, Y., and M. Inouye. 1991. Intermolecular complementa-
tion between defective mutants of Escherichia coli signal-
transducing receptors. Proc. Natl. Acad. Sci. USA 88:11057-
11061.

VOL. 174, 1992


